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Abstract 
Titanium intermetallic materials are likely to play a significant role in the production of future aeroengines. Although applicable 
for only a relatively narrow range of applications, gamma-TiAl intermetallic materials are nonetheless the focus of all leading 
aerospace / gas turbine manufacturers, as a replacement for some nickel-based superalloy components in parts of the engine 
subject to temperatures < 900°C. This work presents the results from grinding tests on two types of Gamma TiAl alloys.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Titanium, the recently introduced member of the family of major structural metals, is the fourth most abundant 
structural metal in the crust of the earth after aluminum, iron, and magnesium. The development of its alloys and 
processing technologies started only in the late 1940s; thus, titanium metallurgy just missed being a factor in the 
Second World War.  
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The difficulty in extracting titanium from ores, its high reactivity in the molten state, its forging complexity, its 
machining difficulty, and its sensitivity to segregation and inclusions necessitated the development of special 
processing techniques. These special techniques have contributed to the high cost of titanium raw materials, alloys, 
and final products. On the other hand, the low density of titanium alloys provides high structural efficiencies based 
on a wide range of mechanical properties, coupled with an excellent resistance to aggressive environments. These 
alloys have contributed to the quality and durability of military high-Mach-number aircraft, light helicopters, and 
turbofan jet engines as well as the increased reliability of heat exchanger units, and surgical body implants.  
Aerospace and automotive sectors (Stephenson and Jin (2003), López de Lacalle et al. (2004), López de lacalle 
et al. (2000)) were more concerned sectors in the development of these alloys. The main reason for developing 
these materials was the ability to operate at high temperatures.  
The difference between a alfa-beta titanium alloy such as Ti–6Al–4V and a gamma TiAl alloy is quite 
important, however, the capacity to operate at higher temperatures is attractive. Compared with commonly used 
titanium alloys, the difference in the working temperature could be very significant, even until 50 percent. 
The main purpose of the use of these materials is to reduce fuel consumption. The components where the 
research is focused are low pressure (LP) turbine blades, high pressure (HP) compressor blades and blade dumpers. 
In the automotive field, this material is applicable to components such as engine valves, turbo impellers and 
connecting rods. The sectors most advanced in the manufacture of automotive components have been the racing 
cars sector and the sector of manufacturers of high-end cars.  
According to Rowe an Jin (2001) intermetallic gamma TiAl superalloys offer excellent mechanical properties, 
with low 4gr/cm3 density, high resistance at high temperatures, low electrical and thermal conductivity, oxidation 
resistance, ultimate strength of 1000 Mpa and Young's modulus of 160 Gpa (Sharman et al. (2001)). There were 
three basic types of -TiAl superalloys studied in this work:  
a) TNB [(44-45)Al - (5-10)Nb - (0.2-0.4)C], sustaining high levels of mechanical and oxidation resistance and 
used in aircraft applications at high temperatures (Kato and Fujii, H (2000)). 
b) MoCuSi type [(43-46)Al - (1-2)Mo - (0.2)Si - Cu], for low temperatures applications and with high resistance 
below 650 º C. There are two types of MoCuSi alloys, in ingot or extruded form. It is use in automotive 
applications. 
c) TNM [(43-45)Al - (5-8) Nb - Mo - (0-0,4)B-C] for higher temperature applications.  
There are two ways to manufacture these materials: solidified ingot or extruded alloy. In the first case, the alloy 
has the microstructure oriented in the direction of extrusion whereas in the case of melted and solidified alloys in 
the mould, the microstructure has no preferred orientation. 
 
 
 
Fig. 1. Mechanical properties of the melted (as cast) and extruded alloys 
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In Fig. 2, it can be seen the difference in grain size between extruded and non extruded materials. 
      
Fig. 2. Structure of TNB melted alloy (×500) and Structure of MoCuSi extruded alloy (×500) 
                Table 1. Mechanical properties comparison between gamma TiAl and classic alloys 
PROPERTY 
TNB type 
Ti-44Al-
6Nb-0.3C 
Ti–6Al–4V 
(annealed) 
Density (g/cm3) 3.86 4.49 
Specific modulus (GPa/Mg/m3) 43 24 
Tensile strength (MPa) 683 1087 
Specific strength (MPa/g/cm3) 192 947 
Yield strength (MPa) 589 942 
Ductility (%) 1.9 7.8 
Fracture toughness (MPa m1/2) 23 52 
Thermal conductivity (W/mK) 24 8.6 
Maximum operating  
temperature (ºC) 
900 615 
2. Principles of Grinding 
GRINDING modes are all similar. An abrasive surface is pressed against a work surface with a force 
perpendicular to the contact zone (normal direction), and material is removed from the work and wheel. This is 
true for grinding wheels or belts, using conventional abrasives such as aluminum oxide or silicon carbide, 
superabrasives such as cubic boron nitride (CBN) or diamond, or the newest abrasive, seeded gel. Three factors 
determine how much material will be mutually removed: 
- The sharpness of the abrasive surface 
- The magnitude of the normal force 
- The durability of the abrasive 
In addition, a second force, tangent to the wheel-work contact, when multiplied by wheel speed and a constant, 
determines the power used by the operation. The tangential and normal forces are related by a coefficient of 
friction; therefore, in production grinding, in which the normal force is almost never known (without a 
dynamometer of some type), the tangential force can be calculated from power measurements and used as a proxy 
for the normal force. 
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The machinability of gamma TiAl alloys, is lesser than most of the workpiece materials used in industry 
(Olvera et al. (2010), Brinksmeier et al. (1999)). Several studies have shown that the combination of different 
factors introduce titanium alloys in the group of materials of low machinability (Webster et al. (2002)). 
This is due to titanium has low thermal conductivity, retains its strength at high temperatures and usually it has 
chemical affinity, as the coating of tools include titanium in many cases. Machining operation is characterised by 
short chip contact, high stresses and great temperature gradients and consequently short tool life. 
In the titanium surfaces the damage produced in the machining process, the plastic deformation, heat affected 
zones and cavities can be found. Comparing common titanium alloys with gamma-phase alloys in terms of 
productivity, temperatures, cutting forces and tool wear / life, it can be said that the machining of gamma alloys is 
more difficult. A general study of gamma-TiAl alloys for different machining process is given by Aspinwal et al. 
(2005), without specifying the type of TiAl alloys and cutting conditions. 
Gamma TiAl are nowadays in study for different applications. However the lack of cutting conditions for the 
machining of all types of alloys makes it difficult. Thus, several tests to identify possible cutting conditions have to 
be carried out. 
Grinding is a material removal and surface generation process used to shape and finish components made of 
metals and other materials. The precision and surface finish obtained through grinding can be up to ten times better 
than with either turning or milling. The tests of machining (Lamikiz et al. (2004)) have been make in a vertical 
CNC milling machine, Kondia® model B640, with maximum rotational speed of 10000 rpm and 25 KW. Tests 
were carried out with different tools (Rao (2010), Gradisek et al. (2004)) and different cutting conditions. Have 
been used tools of different grain size and different chemical composition.  
A grinding requires two types of specification: 
(a) Geometrical specification  
(b) Compositional specification 
2.1 Properties of Abrasives 
The chemistry of an abrasive can affect its ability to cut at grinding interface temperatures. Diamond and silicon 
carbide are harder than aluminum oxide, but when steel is ground under high pressures, a chemical reaction occurs 
that degrades these abrasives compared to the relatively chemically inert aluminum oxide. In a different vein, the 
chemical purity of an abrasive is often an indicator of crystal structure.  
Crystal Structure. There are basically three types of abrasive particle: monocrystalline, multicrystalline, and 
microcrystalline. 
- Monocrystalline grains contain a single crystal. They tend to be relatively durable, and they wear along crystal 
planes. 
- Multicrystalline grains, usually made up of two to ten crystals, vary greatly with regard to durability and 
sharpness. These abrasives fracture along crystal boundaries (often catastrophically) and along crystal planes. 
- Microcrystalline abrasives (which may contain crystals smaller than 1 m) tend to retain their sharpness during 
grinding, and they fracture along crystal boundaries. In some applications, microcrystalline abrasives may have 
more usable volume than mono- or multicrystalline grains before being shed by the bond. 
Hardness. Hardness is an advantage; it is inefficient to abrade a material with an abrasive that is not 
significantly harder than the material. The ability of an abrasive wheel to grind a material is normally measured by 
the G ratio, usually defined as the volume of metal removed per volume of wheel used. Under optimum conditions, 
superabrasive wheels, primarily because of their hardness, will yield G ratios hundreds of times larger than those 
of conventional abrasive products. 
Durability. Durable grains tend to withstand heavy grinding pressures without catastrophic wear. Under light 
grinding pressures, they tend to dull, drawing higher power and giving better surface finishes unless there is 
vibration due to lack of material penetration. 
Friability. Friable grains fracture to expose new sharp cutting points and may do so a number of times before 
the bond sheds the grain. Friable grains tend to remain sharp and tend to draw lower power, often giving rougher 
finishes because they do not dull as readily. Very friable grains may not be efficient at high power levels and heavy 
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grinding pressures because of premature wear. With regard to conventional abrasives, friable grains are normally 
used on heatsensitive and hardened steels to ensure material penetration at relatively low power and low frictional 
heat levels in precision grinding. 
Grain sharpness is a function of crystal structure and the inherent ability of a given particle to cut prior to wear. 
Grain sharpness can affect abrasives selection, particularly in such extremely low pressure applications as honing 
or superfinishing, in which there may not be sufficient force to fracture the abrasive particle. 
2.2 Types of Conventional Abrasives 
The three prevalent types of conventional abrasives are aluminum oxide, silicon carbide, and zirconia alumina. 
Aluminum Oxides. A number of aluminum oxides have been developed for grinding applications. Aluminum 
oxides are divided into two initial subgroups: fused and unfused. 
Fused aluminum oxides are available in a variety of types. These abrasives are categorized as dark, white, 
monocrystalline, and specialty abrasives. Dark aluminum oxides tend to be less pure, more durable, less friable, 
and multicrystalline. They can also be mulled to a dull but even more durable shape. They are normally used in 
medium- to high-pressure, relatively heat insensitive operations on medium-to-soft materials. White aluminum 
oxides are the most pure of the fused aluminas. They are multicrystalline, very friable, not durable, and relatively 
sharp. They are used in heat-sensitive operations on hard, ferrous materials. Monocrystalline fused aluminum 
oxides tend to combine a level of durability and friability. This makes them efficient in medium-pressure heat-
sensitive operations on a variety of ferrous materials. Specialty abrasives are variations of the above types. They 
can be blends of dark and white aluminum oxides, ceramiccoated dark alumina (which tends to increase its impact 
resistance), or chemically treated white aluminas (which tend to be less friable and more durable). 
The unfused aluminas (also known as ceramic aluminum oxides) are microcrystalline abrasives that are 
sintered after green crushing. Therefore, they can be harder than fused aluminas that have been crushed after 
furnacing. A significant type of unfused aluminum oxide abrasive is seeded gel alumina abrasive. Seeded gel is the 
purest of the aluminum oxides and the hardest (2150 HK). It is also durable, friable, and inherently sharp. Seeded 
gel is made by a ceramic process in which submicron particles are sintered to form microcrystalline abrasive grit 
particles. A 60-grit particle of seeded gel contains billions of individual crystals. Seeded gel is purer, harder 
(because it is not crushed after sintering), and maintains its sharpness longer than fused aluminum oxide. Seeded 
gel vitrified grinding wheels were introduced in 1987 and were commercialized in 1988. They have demonstrated 
the greatest utility for difficult-to-grind materials in which tight tolerances and no metallurgical damage are 
specified. Typical optimized results are 3 to 5 times the life and 1.5 to 2 times the cut rate of fused aluminum 
oxides. For the precision grinding of difficult-to-grind steels and alloys, seeded gel will grind at higher pressures 
and infeeds than fused aluminum oxides, without metallurgical damage and at significantly higher G ratios. 
Silicon carbide is manufactured in two purities: black or green. 
Black silicon carbide is less pure, more durable, and less friable than green silicon carbide. Both silicon 
carbides are harder and sharper than aluminum oxide, but are less impact resistant. Black silicon carbide tends to 
be efficient for grinding soft nonferrous materials; in such applications, its inherent sharpness inhibits heat 
generation. 
Green silicon carbide is used for the precision grinding of materials that are hard, such as hard chromium (70 
HRC), and/or materials that tend to fracture rather than form chips in the grinding process, such as ferrous carbides 
and other relatively soft ceramics. 
Zirconia aluminas are distinguished by their extremely high impact resistance. These alloyed abrasives are of 
two chemistries: a eutectic ( 44% Zr2O) alloy and a 25% Zr2O alloy. The eutectic alloy has some friability and is 
the sharper of the two zirconia aluminas. The 25% Zr alloy is the more durable and has a slightly higher impact 
resistance. The zirconia aluminas are normally used in high-pressure, high stock removal operations on ferrous 
materials and are normally not associated with precision grinding. 
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3. Test Plan and Results 
These materials are known by their low machinability and a study of the optimal cutting conditions seems 
necessary. The tests of machining have been make in a CNC machine, Kondia model B640 with maximum speed 
of screw to 10000 rpm. 
Have been make two tests for each one of the cut conditions defined in the chart. The obtained results are the 
middle value of these, to assure their reliability. 
Application of grinding fluids has been found to be effective in reducing the adverse thermal effects and high 
work surface temperature. All cutting fluids can be used as coolant in grinding operations and so these can also be 
named as grinding fluids. Normally grinding fluids remove heat from grinding zone and wash the clips away. 
Generally two types of grinding fluids are used: 
(a) Water based fluids 
(b) Oils based fluids. 
Water based fluids remove heat from grinding zone but these do not provide any lubrication to the grinding 
zone. However, oil based fluids provides lubrication properties also. Heat removing capability of oil base fluid is 
more due to their high specific heat. Examples of water based fluids are dissolved chemicals into water like sulfur 
chlorine, phosphorus, etc. Examples of oil based fluids are oils originated from petroleum, animals and vegetables. 
They can be emulsified oils suspended in water in the form of droplets. Cutting fluids can be recycled in flow after 
filtering them by separating out chips and dirt. 
The FU 70 W Rhenus® coolant was used in all the tests; it is conceived for aeronautical materials. This product 
has neither ammonia nor boron, with a low pH value, 7.5-8.8. Properties are shown in Table 2. 
     Table 2. Properties of Rhenus FU 70 W coolant 
Concentrated Emulsion 
Viscosity 
20 ºC 
(mm2/s) 
Content of 
mineral oil 
% 
pH Value 
5% 
concentration 
Protection against  
corrosion 
(DIN 51360/1) 
Approx. 150 Approx. 33 Approx. 9,0 Note  0 al 2% 
 
We used three different tools for machining the material. In the following figure specifies the technical 
characteristics of each tool. 
 
 
Tool: EK FINE 
 
Abrasive type. Corundum Al2O3 
Grain size: 46-100 
Bond type: Ceramic 
Diameter: 25mm 
Hardness: Medium 
Recommended speed: 30-50 m/s 
Utilization. Low steel alloys 
 
 
 
 
Tool: EK COARSE 
 
Abrasive type. Corundum Al2O3 
Grain size: 24-60 
Bond type: Ceramic 
Diameter: 25mm 
Hardness: Medium 
Recommended speed: 30-50 m/s 
Utilization. Low steel alloys 
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Tool: NK COARSE 
Abrasive type. Corundum Al2O3 
Grain size: 24-46 
Bond type: Resinous 
Diameter: 50mm 
Hardness: Medium 
Recommended speed: 40-50 m/s 
Utilization. Low steel alloys 
 
 
 
 
 
 
 
Tool Mooring 
 
Fig. 3. Grinding tools and mooring 
Grinding process is carried out in three different conditions. The maximum rotation speed of machining center 
is 10 000 rpm, and this rate is used, although the theoretical rate, is 23000 rpm. On the other hand increasing 
progressively rate, we obtain different results. Used feed rates were 200, 400 and 600 mm / min. Used depth of cut 
used was 0.5 mm. There have been tests in three different materials. These materials have been MoCuSi ingot, Ti-
6Al-4V and TNB alloy. We have studied the obtained values of surface finish, in particular, the Ra parameter. Ra 
is the arithmetic average of the absolute values of the roughness profile ordinates. Also known as Arithmetic 
Average (AA), Center Line Average (CLA). The average roughness is the area between the roughness profile and 
its mean line, or the integral of the absolute value of the roughness profile height over the evaluation length. To 
calculate the values of Ra, we have measured a length lm=4mm. 
n
i
i
l
m
a xfn
dxxy
l
R m
1
0
11
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MoCuSi Ingot Material
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Fig. 4. Results in MoCuSi Ingot material 
Ti 6Al 4V Material
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Fig. 5. Results in Ti6Al4V material 
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TNB Material
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Fig. 6. Results in TNB material 
4. Conclusions 
Surface finishes, are related directly with feed rate. Especially the values of Ra parameter, Rt values, in general, 
not have direct relationship. 
With lower feed rates, were obtained better results in all materials. 
Grain size has an effect on the obtained results, fine grain finish are better. 
MoCuSi Ingot material, have a good answer with all tools. In the worst conditions, obtained roughness is N5. 
The most appropriate tool is EK Coarse, and used with low feed rate, obtained roughness is N3. 
The TNB material has had a good response in the grinding process. The worst value obtained was N5. In the 
best conditions, the values of N4 are obtained. 
Ti-6Al-4v material does not have a good answer as before. As can be seen in the results, EK Fine and EK 
Coarse tools, give values of N6 and used NK Coarse tool we obtained N5 roughness.  
We can say that the results obtained with the different materials, certify that grinding is a suitable process to 
obtain good results in the surface finish of the parts. The tests were performed with three different tools, in terms of 
grain size and composition. A future line of research can be experiment with different types of composition and 
grain size to optimize the machining process. 
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